Bovine besnoitiosis is continuing to spread in Europe. Therefore, the development of ruminant animal models of infection is urgently needed to evaluate therapeutic and prophylactic tools. Herein, we studied the effect of parasite dose and host age on the infection dynamics with Besnoitia besnoiti tachyzoites in cattle in two independent experimental infections. In experiment A, twelve 3-month-old male calves were inoculated intravenously with either three different doses of tachyzoites (G1: 10 8 ; G2: 10 7 ;
| INTRODUCTION
Besnoitia besnoiti is a cyst-forming apicomplexan parasite responsible for bovine besnoitiosis. At present, the disease is considered to be re-emerging in Europe by the European Food Safety Authority due to an increased number of cases and the geographic expansion of besnoitiosis into cattle herds in several Western and Central European countries (Álvarez-García, 2016; European Food Safety Authority, 2010) . The control and prevention of this disease relies only on diagnostic and management measures, as no chemotherapeutics are available and no vaccines are licensed in Europe (Álvarez-García, Frey, Mora, & Schares, 2013) . Promising drugs have been tested in vitro (Cortes, Muller, Boykin, Stephens, & Hemphill, 2011; Jimé-nez-Meléndez et al., 2017) . However, an appropriate ruminant experimental model has not been developed yet; this model is a requirement to test the safety and efficacy of these potential prophylactic and therapeutic tools.
In this regard, only B. besnoiti tachyzoite and bradyzoite stages have been used so far for the inoculation of animals. Besnoitia besnoiti-oocysts are not available as the definitive host remains unknown (Basso, Schares, Gollnick, Rutten, & Deplazes, 2011) . Several laboratory rodents (hamster, gerbils and various strains of white mice) have been infected with B. besnoiti (Basso et al., 2011; Shkap, Pipano, & Greenblatt, 1987) . Although gamma-interferon knockout mice are very susceptible to the acute infection (Schares et al., 2009 ), they are not recommended as an appropriate laboratory model due to the rapid onset of the acute stage and death. Rabbits showed susceptibility to experimental infection by developing clinical signs of the acute phase of the disease (Lienard et al., 2015) , but the results were variable with respect to the chronic stage (Basson, McCully, & Bigalke, 1970; Bigalke, 1968) . The disease was successfully replicated in these animals through subcutaneous inoculation of bradyzoites (6 × 10 6 ) (Lienard et al., 2015) resulting in mild clinical signs and the formation of cysts in the leg dermis, nasal mucosa, eyelid and penis. However, the authors suggested that the establishment of B. besnoiti and its adaptation to a heterologous host was difficult.
Between the 1960s and 1980s, there were a few attempts to establish a reproducible in vivo model for bovine besnoitiosis, but failed due to the difficulty in inducing the characteristic clinical signs (Álvarez-García, García-Lunar, Gutiérrez-Expósito, Shkap, & OrtegaMora, 2014) . Unfortunately, all the inoculations were carried out under different experimental conditions (e.g., different ages of the infected animals, unknown previous health status and use of immunosuppressive therapies). Moreover, the inocula were obtained from different sources, such as blood or tissue cysts from cattle with chronic besnoitiosis (Bigalke, 1967) , blood from acutely infected rabbits (Basson et al., 1970) or from a blue wildebeest strain maintained in cell culture (Bigalke, Schoeman, & McCully, 1974) . In infected animals, fever and lymphadenopathy have been detected on several occasions (Basson et al., 1970; Bigalke, 1968; Bigalke et al., 1974) .
However, specific clinical signs of the acute phase, such as oedema and anasarca, and of the chronic phase (tissues cysts) were only reported in infected adult animals (Basson et al., 1970) , as well as in immunosuppressed animals that had been infected with bradyzoites by Diesing et al. (1988) . This heterogeneity in the experimental assay parameters does not allow for the development of an experimental model of besnoitiosis in cattle. Additionally, most results have been based on clinical inspection and histopathology, as molecular tests
were not available and serological tests were rarely employed, which is crucial as immunity to re-infections has been reported (Basson et al., 1970; Bigalke, 1968; Janitschke, De Vos, & Bigalke, 1984; Shkap et al., 1987) .
Nevertheless, relevant information concerning pathogenesis has been derived from these trials. It is known that both tachyzoite and bradyzoite stages are infective for cattle (Bigalke, 1967 (Bigalke, , 1968 Diesing et al., 1988; Pols, 1960) . We expect that the parasite dose is important in determining the severity of the infection.
Moreover, the incubation period may depend on the route of infection. Information regarding age suggests that the disease is mainly present in older animals due to longer periods of exposure (Álvarez-García et al., 2014) . However, the disease was recently confirmed in a 4-month-old calf , demonstrating that animals younger than 6 months old can also be chronically infected.
The aim of this study was to study the effect of parasite dose and host age on the infection dynamics with B. besnoiti tachyzoites in cattle and their impact on both the acute and chronic phases of the disease. Accordingly, two independent experimental infections were carried out in calves and bulls. We addressed the limitations of 
| MATERIALS AND METHODS

| Ethics statement
All our experimental procedures were approved by the Animal 
| Animals, experimental design, clinical monitoring and collection of samples
The experimental design followed in both trials is shown in Figure 1 .
The same clinical and laboratory parameters were evaluated with slight differences in their periodicity. were monitored periodically along the experimental period ( Figure 1 ).
| Experiment A
Any temperature above 39.5°C was considered as a fever. A clinical scoring system was established to classify the severity of the outcome of the infection (Table 1 ). The number of tissue cysts in the ocular conjunctiva was estimated and assigned to the following categories: 1: 1-10 cysts; 2: 11-20 cysts; 3: 21 to >30 cysts in both eyes .
A criterion for the humanitarian slaughtering of the animals consisting of 1 day of total anorexia and prostration was established.
Blood samples were collected regularly until the end of the experiment by jugular venipuncture into 5-ml Vacutainer tubes (Becton Dickinson and Company, Plymouth, UK) with and without ethylenediaminetetraacetic acid (EDTA) as an anticoagulant. Haematological and biochemical parameters were assessed in blood samples at 7 days prior to infection and at 4, 7, 14 and 21 days post-infection (pi). For biochemical and serological analyses, the blood samples that were collected in vacutainers without anticoagulant were allowed to clot and were centrifuged (1,200× g for 10 min) to obtain serum samples (stored at −80°C until use). For haematological analyses and detection of parasitaemia, the blood samples that were collected in vacutainers containing EDTA were immediately processed to obtain peripheral blood mononuclear cells (PBMC).
Once a week, two skin biopsies from each animal were collected from the inner thigh using 6-to 8-mm-diameter biopsy punches to perform B. besnoiti ITS-1 PCR and histopathology. At the end of the Tachyzoites were recovered from the cell monolayer when the majority of the parasites were still intracellular. The tachyzoites were then counted using a Neubauer chamber and parasite viability was determined using trypan blue exclusion and a plaque invasion assay by counting lysis plaques and parasitophorous vacuoles (Rojo-Montejo et al., 2009).
To prepare the inocula, tachyzoites were resuspended in phosphate buffer saline (PBS) at the required dose (10 6 , 10 7 and 10 8 tachyzoites in a final volume of 2 ml) and were administered to animals within 1 hour of harvesting from cell culture. MARC-145 cells
were also counted using a Neubauer chamber to determine the number of cells per dose. These were resuspended in PBS and inoculated in G4.
| Biochemical and haematological analyses
Biochemical and haematological analyses were performed according to procedures previously described (Langenmayer, Scharr, SauterLouis, Schares, & Gollnick, 2015) . They were analysed by comparing values from infected animals with bovine reference values, taking into account that values may vary due to age and environmental factors (George, Snipes, & Lane, 2010) .
| IFN-γ innate responses
IFN-γ levels were measured in sera by the Bovine IFN-γ ELISA development kits (Mabtech AB, Stockholm, Sweden), following manufacturer's recommendations. Colour reaction was developed by the addition of 3, 3′, 5, 5′-tetramethylbenzidine substrate (TMB, SigmaAldrich, Madrid, Spain) and incubated for 5-10 min in the dark.
Reactions were stopped by adding 2N H 2 SO 4 . Then, plates were read at 450 nm. The cytokine concentrations were calculated by interpolation from a standard curve generated with recombinant cytokines provided with the kits.
| Humoral immune responses
Besnoitia besnoiti-specific IgG was determined by ELISA using lyophi- Besnoitia besnoiti-specific IgG1 and IgG2 serum isotypes were also determined by ELISA. Briefly, ELISA was performed as described above using a 1:100 dilution of sera samples and anti-bovine IgG1 or IgG2 peroxidase conjugated as secondary antibody (1:1,000; BioRad, Hercules, California, USA). Sera from naturally infected and non-infected cattle were used as positive and negative controls respectively. For each plate, the values of the optical density read at 405-nm wavelength (OD405) were converted into the corresponding RIPC value as described above.
| DNA extraction and PCR determinations
Whole blood collected in a heparin tube was used to obtain PBMC.
An aliquot of 800 μL of blood was gently mixed for 5 min with 960 μl of cold lysing solution (0.83% NH 4 Cl + 2.06% Tris) at room temperature. After a centrifugation for 30 s at 12,000× g, the supernatant was decanted, and the process was repeated until the liquid was clear red. The pellet was stored at −80°C. Genomic DNA was extracted from PBMC and tissue samples using the Maxwell ® 16
MouseTail DNA Purification Kit (Promega, Wisconsin, USA). The DNA content of each sample was measured using a NanoPhotometer ® (Implen, Munich, Germany) and adjusted to 40 ng/μl. ITS-1 PCR was performed as described previously (Cortes et al., 2007) .
| Histopathology and immunohistochemistry
Tissue samples and biopsies were fixed in 10% neutral buffered formalin and conventionally processed through a graded alcohol series before being embedded in paraffin wax. Four-μm-thick sections were obtained and stained with haematoxylin and eosin (H/E).
The immunohistochemical labelling was performed on those samples with histological lesions consistent with B. besnoiti infection and those where PCR-positive results were obtained. A primary in-house rabbit polyclonal antibody against B. besnoiti tachyzoite antigens (Gutiérrez-Expósito et al., 2012) was used for this purpose at 1:4,000 dilution. Briefly, an enzymatic digestion was carried out with trypsin, the primary antibody was incubated overnight at 4°C and, later on, a polymer-based detection system was used (EnVision+ System Labelled Polymer-HRP anti-rabbit; Dako, Glostrup, Denmark).
The reaction was developed with 3, 3′-diaminobenzidine tetrahydrochloride (DAB Peroxidase Substrate Kit; Vector Laboratories, California, USA). The sections were counterstained with Mayer's haematoxylin. The specificity of the technique was assessed by omitting the primary antibody and also using pre-immune rabbit serum.
| Statistical analysis
Rectal temperatures and serology were analysed using a two-way ANOVA repeated measures test followed by a Tukey post-test. Statistical significance for all analyses was assessed with p < 0.05. All statistical analyses were carried out using GraphPad Prism 6.01 software (San Diego, CA, USA).
| RESULTS
| Clinical signs and clinical score
From the first day pi onwards, the mean temperatures of the infected calves were significantly higher than the uninfected group (p < 0.001) (Figure 2 ). However, there were no significant differences between infected groups (p > 0.05; two-way repeated measures ANOVA, Tukey post-test). All infected animals presented with fever from 1 day pi onwards until the end of the first week. The onset of fever was earlier in the higher dose-infected group (G1).
These animals showed temperatures higher than 39.6°C at 12 hr pi.
The highest temperature values were observed in one animal from G1 at 1 and 3 days pi (40.8°C and 40.3°C respectively). The remaining calves from G1 also developed high temperatures up to 40.3°C.
A febrile response was also observed in all calves from G2 for as long as 7 days pi. The highest values from G2 were observed in one animal at 1 and 3 days pi (40.3°C and 40.7°C respectively). In G3, all animals developed fever. The highest values were observed in two animals at 4 days pi (40.1°C and 40°C). Animals from the uninfected control group (G4) had temperatures below 39.5°C throughout the experimental period.
The only temperatures higher than 39.5°C at 8 days (n = 3) and 9 days pi (n = 1) were detected in four of six infected bulls Table 2b .
| Kinetics of IFN-γ innate responses
Maximum serum IFN-γ levels were observed at 7 days pi in G1 and at 4 days pi in G2 and G3 and were significantly higher compared to the control group (p < 0.05; two-way ANOVA). At 4 days pi, IFN-γ levels were significantly higher in G2 and G3 (p < 0.05; Tukey posttest) compared to G1 and bulls. IFN-γ levels decreased to basal values in all three infected groups from day 10 pi and remained low onwards ( Figure 3a) .
In bulls, IFN-γ levels peaked at 8 days pi and were significantly higher compared to calves (p < 0.05; Tukey post-test). Levels decreased to basal values at 16 days pi. (Figure 3a ).
| Humoral immune responses
After infection, seroconversion was detected at 16 days in bulls, 17 days in G1 and G2 and at 21 days in G3. The antibody levels were significantly higher in infected calves than in G4 from 17 days DIEZMA-DÍAZ ET AL. In calves, the higher dose-infected group (G1) showed significantly higher antibody levels compared with the lower dose-infected group (G3) starting at 17 days and remained higher from 24 days pi onwards (p < 0.05; two-way repeated measures ANOVA, Tukey test). However, there were no significant differences between G1
and G2 (p > 0.05; two-way repeated measures ANOVA, Tukey posttest). The antibodies kinetics were similar in calves and bulls with a few significant differences. The antibody levels in bulls were significantly higher than in the G4 from 16 to 70 days pi (p < 0.05; twoway repeated measures ANOVA, Tukey post-test) (see Figure 3b ).
Significantly higher levels of IgG1 were detected in the infected groups compared to uninfected animals from 17 days pi (p < 0.01; two-way repeated measures ANOVA, Tukey post-test) (Figure 3c ).
Infected calves, G1 had significantly higher levels than the other infected groups between 21 and 24 days pi (p < 0.01) and higher than G3 at 56 and 63 days pi (p < 0.05). The levels in G2 were significantly higher than G3 at 56 days pi, and higher than the other infected groups at the end of the trial (p < 0.05). IgG1 levels in bulls were significantly higher than infected calves between 37 and 41 days pi, (p < 0.05).
In calves, IgG1 levels were higher than IgG2 levels throughout the whole trial. Although IgG2 levels were detected approximately 21 days pi, significant differences between infected animals and the negative control group were not detected until 37 days pi (two-way repeated measures ANOVA, Tukey post-test p < 0.05). As IgG2 levels decreased in G1, significant differences were only observed between G1 and the other two infected groups in day 70 pi (p < 0.01).
An increase in IgG1-IgG2 levels was observed in bulls at 16 days pi and levels remained high until the end of the experiment. IgG2 levels were always lower than IgG1 except for 41 and 48 days pi, when IgG2 levels reached their highest values (Figure 3d ). IgG2 levels were higher in bulls than in infected calves between 16 and 48 days pi (p < 0.001).
| Detection of B. besnoiti DNA in blood and tissues by PCR
Parasitaemia was detected sporadically in calves from G1 and G2 until 7 days pi. Parasitaemia was observed in two bulls between 10 and 24 days pi. However, the parasite was not detected in skin biopsies in any of the groups (Table 3) .
After necropsy, 10 tissue samples from calves were PCR positive with the highest number of PCR-positive tissues (skin, reproductive and eyes samples) in G3. In the experiment B, only two tissue samples (testicular parenchyma and pampiniform plexus) from the same animal were positive by PCR (Table 3) . Table 3) . 6  7  8  10  13  14  16  17  21  22  24  28  35  37  41  42  48  49  56  57  63  69  70  92 In bulls, mild local inflammation was detected in most of the tissue samples from skin, reproductive and respiratory tract. These foci were formed mainly by lymphocytes and, to a lesser extent, macrophages and plasma cells. They were located at the skin, dermis and lamina propria of the respiratory mucosa. Specifically, these lesions were mainly found at the trachea and scrotum (all animals), epiglottis and skin of the elbow, carpus and thigh (five of six animals) and skin of the tarsus (four of six animals). In addition, the spleen of two bulls showed mild lymphoid hyperplasia. Regarding the genital tract, three animals showed foci on non-purulent inflammatory infiltrate adjacent to vessels at the epididymis and one of them (B2) also at the pampiniform plexus.
| Histopathology
All immunohistochemistry labelled samples were negative for B. besnoitii antigen but for the carpal skin sample from C2G1.
| DISCUSSION
An in vivo ruminant model of besnoitiosis is a major need. Thus, we studied the effect of parasite dose and host age on the infection dynamics with B. besnoiti tachyzoites in cattle with the ultimate goal of developing a reproducible experimental model of B. besnoiti infection in cattle. We have successfully reproduced the acute phase of the disease and microscopic findings also evidenced the chronic infection. Indeed infected animals without detectable clinical signs and macroscopic lesions characteristic of the chronic phase are more frequently found than clinically affected animals in endemically infected herds (Gollnick et al., 2018) On the other hand, we selected males for these experiments, even though both sexes may be equally infected (Álvarez-García et al., 2014) . However, bulls are at higher risk of acquiring and transmitting the infection as they serve a large number of cows and they appear to show more acute signs and a higher mortality rate (Álvarez-García et al., 2014; Gazzonis et al., 2017) . Moreover, testicles are target organs for B. besnoiti replication and persistence (Kumi-Diaka, Wilson, Sanusi, Njoku, & Osori, 1981; Pols, 1960) and recent studies have provided evidence for the serious consequences of male sterility for herd fertility due to B. besnoiti infection (Esteban-Gil et al.,2016; Gazzonis et al., 2017) .
Herein, we successfully reproduced the acute stage of the disease. Calves and young bulls developed fever followed by lymphadenopathy and respiratory signs. All infected calves developed fever during the 1st week pi and the incubation period lasted less than 12 hours, which agrees with the less than 2-day incubation period established previously using different intravenous inocula (Bigalke, 1968) . However, the incubation period was longer in bulls.
Four of six inoculated bulls showed temperatures higher than 39.5°C at 8-9 days pi. Respiratory signs of infection were observed in bulls later and the lymphadenopathy was maintained longer. It is possible that a longer incubation period leads to a delay in the appearance of acute clinical signs. This delay could also have influenced on parasitaemia, as the parasite was detected in blood until 7 days pi in calves versus 24 days pi in bulls. These findings agree with previous studies that detected proliferative organisms in blood smears from the 3rd to the 12th day after the beginning of the febrile reaction in experimentally infected cattle (Basson et al., 1970) . However, this finding was not corroborated in natural infections , where examinations of blood smears from naturally infected cows during the acute phase did not reveal either free or intracellular tachyzoites in peripheral blood. However, the sensitivity of blood smears is lower than PCR, which might explain these negative results. Our analyses of haematological and biochemical parameters showed very little relevant changes, which is in agreement with the mild-to-moderate outcome of the infection in both calves and bulls (unpublished data). We only observed an increase in serum globulin fractions that was correlated with seroconversion in infected animals. There is only one previous study where haematological and biochemical alterations in sera were studied in B. besnoiti-seropositive cows during disease progression of naturally acquired bovine besnoitiosis . Disturbances in Aspartate
Aminotransferase or Creatine Kinase activities, and typical alterations of chronic inflammatory diseases such as hyper-(gamma)-globulinemia or reduced erythrocyte were described by these authors.
No relevant differences were observed during the acute stage regarding the parasite dose and host age variables studied. It has been suggested that tachyzoite dose plays an important role in determining a severe versus a mild infection (Álvarez-García et al., 2014) . In this study, this variable influenced only the occurrence of fever and the incubation period, but not the clinical score of the disease. Higher temperature values were detected in the group inoculated with the highest tachyzoite dose, similar to previous observations (Basson et al., 1970) , but no relevant differences in the severity of the acute phase were observed among groups. It is tempting to hypothesize that doses higher than 10 8 tachyzoites would not significantly exacerbate clinical signs as relevant differences in the outcome of the infection were not observed among the three infected groups. In four experimental infections carried out in the past, tachyzoite doses higher than 10 8 were inoculated in cattle (Álvarez-García et al., 2014; Basson et al., 1970; Bigalke, 1968; Diesing et al., 1988) . Acute phase was observed in all inoculated animals with mild-moderate severity, but for one immunosuppressed cow that died during this phase (Basson et al., 1970) . However, severe clinical signs of chronic phase were only reported in one bull that had been splenectomiced previously (Basson et al., 1970) . We must carefully consider these results as the inoculations were carried out under different experimental conditions. Moreover, a high number of zoites are not likely to be involved in natural infections with B. besnoiti, where horizontal transmission seems to be the main route of parasite transmission, either by cyst rupture during direct contact or by blood suckling arthropods bites . In fact, in naturally infected herds where animals might be exposed to similar infective doses, only a few animals develop characteristic clinical signs of bovine besnoitiosis, which may be due not only to parasite dose but also to other parasite and host-dependent factors.
Regarding host age, according to previous experimental infections (Bigalke, 1970; Bigalke et al., 1974) , the incubation period as well as the onset and duration of the febricula were highly variable in adult animals and were probably influenced by the different sources of the inocula. Herein, the inocula employed in both experiments were the same so that the most feasible explanation for the delay in the onset of clinical signs observed in bulls compared to calves might be the maturity of the immune system. The immune system maturation progresses in calves from birth until 6 months, when innate and adaptive immune responses reach values close to the ones developed by adults (Chase, Hurley, & Reber, 2008) .
After the acute stage of the disease, the chronic stage of the infection was evidenced by parasite detection and microscopic lesions in target tissues despite no macroscopic lesions characteristic of the chronic stage of the disease, such as hyperqueratosis or alopecia, were detected in vivo. In this study, vasculitis was the most relevant lesion present in skin, genital and respiratory tract in all infected groups. Despite being a non-specific lesion, target locations where vasculitis was found suggested that this might be a consequence of endothelial damage produced by the parasite during the acute phase. Similar lesions have been described under natural infection . Focal degenerative lesions in testicle of the calves were observed only in relation to vasculitis that probably contributed to mild degenerative changes in the germinal epithelium. However, the lesions observed in the reproductive tract were compatible with normal testicular function. Remarkably, in this study, a tissue cyst was located at the reticular dermis of the carpus region, a less frequent location than the papillary dermis . As expected, a higher parasite intra-organic distribution was found by PCR compared with histopathological results. PCRpositive tissues were predilection sites for B. besnoiti that show tropism for the connective tissue of the superficial skin layers, scleral, conjunctiva and mucous membranes of distal genital tract Gentile et al., 2012; Manuali et al., 2011; Nobel, Neumann, Klopper, & Perl, 1981) . The DNA detected is expected to belong to the bradyzoite stage according to the infection dynamics as it was detected at 70-110 days pi during the chronic phase of the disease | 1987 experimentally infected with B. besnoiti bradyzoites in the past and animals only developed tissue cysts and skin lesions under immunosuppressive treatment regardless the route of infection employed (Diesing et al., 1988) . When tachyzoites were used as inocula only one of eight infected animals develop a few cysts without skin lesions in agreement with the results obtained in this study.
Herein, efficient immune responses elicited by immune competent animals were likely to have cleared most parasites, which is evidenced by the low parasite load detected by histology and correlated with mild lesions despite the high doses of parasites and the route of inoculation employed and reported by others (Álvarez-García et al., 2014; Bigalke, 1968) . Accordingly, in both calves and bulls, the infection was controlled, and the immune response kinetics were similar in all infected groups. After infection, an innate IFN-γ response was developed during the 1st week pi, followed by an 
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